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V-  ABSTRACT 


An  approximate  analysis  is  made  of -phase- lock  loop  false 
locks,  as  determined  by  the  gain- phase  characteristics  of 
the  phase-lock  loop.  '  The  solutions  presented  enable  the 
calculation  of  the  fal.se-lock  frequencies  if  the  open-loop 
phase  characteristic  is  known.  -  A- simple  design  criterion 
is  suggested  to  permit  the  design  of  a  loop  with  no  stable 
locks  other  than  the  desired  lock  frequency. 
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*•  .  1;  INTRODUCTION 


•  .  .  • 

.  ’  :  .  *;A-  gcnoral-ilock  diagram  of  a  phase- lock  loop  is  shown  in  Fig.  1.  The 

*  *  •’  •  .  *  * 

equivajent  diagram  generally  employed  to  analyze  this  phase-lock  loop  is 

*•  1 

.shown  in. Fig.  2...  In  tliis  paper,  all  of  the  zeros  (frequencies  of  the  voltage- 

„  *  •  *  m  •  •  *  •  • 

,  *'  t.’  controlled  osc.pllaloi*  for  which"  the  loop  will  remain  in  stable  lock)  of  a 
‘  ...  'phase-logk  loop  for  a  given  inpetf  frequency,  are  determined  using  the 
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o  loop. of  Fig..  lj 


• 
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c*.  0  # 


6.  A  .nptnencl.a.tur.e  of  symbols* is  presented  at  the  et\d  of  the  paper. 
•  •  ■  11  •  "  ’ "  -  - .  .  •  101  „  •  .  .  .  *  . 

•  •  •  •  .  ♦ 
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*•  .* 


V  A  convenient  approach  to  the  determination  of  ^11  of  the  zeros  of  a  , 

•".**•  y  phase -lock  ioop°.is  to  open  the  loop  at  the  input  to  the  operational  amplifier 
V  v  manually  sweep  the  voltage- controlled  oscillator  (VCO),  while  examining  . 

*  *  ’,«  °.0  *  *  *o  * :  •  • 

•  ’■  .  .  tlTe  ,6utpu( -of  the  phatse  detector.  This  can  be  easily  accomplished  in  the 

"  •  »  ,  “  .  r  *  (  f  •  * 

‘  o  laboratory  by  plating  a  capacitor  between  the  phase  detector  and  the  oper^- 

•'o'-*'.’  «  •  ’ 

,  •  .*  •  *  ,  Tionnl  .amplifier.  This  practice  keeps  the  loop'closed  fyr  ac  but  open  for  dc. 

=.•  , •’  y  *  Figure  i  illustrates  Jhe  method  employed.  • 

.  #  o  •  .  .  .  .  .  • 

.  For  simplicity,  the  phase  and  amplitude  characteristics  of  the  mixer 

l  c  *  '  aiV!  IFs  amplifiet  are  included  in  the  bandpass  filter,  F  . 

••  ’ :  •  .  •  •  .  I  ,  „ 

,  •  -  -  •  .  _  .  •  0 

.  'The'^hase  dete.ctpr  of  Fig.  I~is  replaced  by*  a  subtractor,  followed  by. 

•  _  y  *  *  *•- 
;. ...  ...  "•  a  “gain  of  K^.  .  and  the  VCO  is  replace^  by  a:I  integrator  of  gain  Kj 

*  ^  ••  *  '  •  ^  ® 

'•  ’  '  Figures  -1  and  5  show  the  frequency. componenl'%  of  interest  at  various 

points  in  the  loon  of  Fig.  3.*  In  construction  of  Fig.  4  and  5,  it  has  been 


Tli is  is  probably  the  same  phenomenon  described  by  R.  Leek,  ."Phase-Lock 
\.  K.C.  lamp."  Fleet  ronie  and  Radio  Engineer  (Great’Britain)  (Xpril  1957). 
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assumed  that  only  first-order  sidebands  are  of  importance,  i.  e.  ,  that  the 

VCO  modulation  index  is  small.  This  is  usually  a  good  approximation  for 

o 

valucs'of  the  beat  frequency  larger  than  the  loop  bandwidth. 

#  0  0 

For  the  situation  depicted  in  Fig.  4',  it  is  evident  that 

o 

.  y  +  +\  =  <a2 

*  •  a  •  * 

•  *  • 

•  ••  •  •  .*••• 

•  • 

The  lower  sideband  phase  (pLsfi)  is  given  by  •  .  **  *.  / 

*  ‘  .  *.  *  - 

\  *  •  •  *  •  • 

•  •  •  •  4  . 

‘°LSB  =  Y  -  /3  +  *  +  +  &!  ’  •  . . 


Thus , 


**L*SB  =  H  '  *3  -+  U  +  6i  62  =  *  ^1  .  . 

•  •  • 


•  -  • 

.  V  -  p  cos  p^gB  =  (3  cos  (p^  -  p^ '+  tt  +  6^  -  5^)  =  p.cos*(tT  -  Cj)  (4) 

°dc  .  ,  *  •  * 

.  .•  •  •  * 

«.  •,  •  •• 

.  • 

.  .  .  *  •  *  • 

where  p  is  a  composite  amolitude  funefion  resulting  /rom  the  two-phePsc 

• .  .  '  . 

functions  -  0^  anci  u ^  -  6^.  as  well  as  from  the  changing  sideband  amplitude 
resulting Jrom  the  VQO  input  varying  113  amplitu.de  and  frequency.  It  has.been  . 

assumed  that  the  phase  detector*is  characterized  by.  .  *  -  *  *  •  • 

•  1  '  •  •  • 


V  -  -  A. cos  Ao 

o., 

dc  • 


where  A  is  the  signal  input  amplitude  and  Ap  is  the  phase  difference  between 

-  O  ,  •  0  * 

the  signal  and  reference.  Higher  order  sidebands  are  of  little  concern  since 
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O 
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they  neither  correlate  to  pAduce  a  contribution  nor  appreciably  affect 

•  ac  o 

the  carrier  phase  wheft  the  VCO  modulation  index  is  small. 

•  •  • 

*  ♦  •  • 

A  similar  analysis  for  the  uppe:-  sideband  case  depicted  in 

Fig.  5  yields  *  .  * 


-■  J3  -  02  +  &3*- 


Vq  =  [3  cos  ^ygB  =  (icos  {p3  -  p2  t  6*  &2)  =  p  cos 

dc  .  • 


•'  Equations  (4)  and  (6)  represent  the  principal  results  of  this  paper.  To 

•  •  • 

illusftale  their  utility,  typfctal  (3  and  a  curves  for  a  phase- lock  loop  are  shown 

,  ■ 

in  Fig.  6(a)  and  6(b),  and  the  resulting  VQ  curve  i  s  shown  in  Fig.  6(c) .  Frojn 

Fig.  6(c),  it  is, seen  that  zeros  occur  eft  all  frequencies  for  wttich  the  foop 
phase  shift  a  is  equal  to  tt/2,  3tt/2,  5tt/2,  7 tt / Z",  and  9tt/2.  The  zeros  are 

alternately  stable  and  unstable,  beginning  with  an  unstable  zero  at  tt/2. 

.  2  • 

Clearly,  if  the  phase  shift  wefe  no*  bounded,  as  would  be  the  case  for  a 

•  3  • 

true  transportation  lag.  there  would  be  an  infinity  of  zeros  occurring  at 


U*n  -  1)  tt/2 


1.  2.  3.  .  . 


Again,  these  zeros  would  be  alternately  stable 


and  unstable,  beginning  with  an  unstable  zer.o  at  tt/2. 

•  « 

Equations  (4)  and  (6)  also  give  insight  into  the  effect  of  loop  bandwidth 

i  •  • 

o.n  the  problem.  Commonly,  locAi  bandwidth  is  changed  by  changing  G(s). 

•  e 

The  Ci(s)  function  is  usuallv  of  the  lead- lag  tvpc.  Thus,  as  the  bandwidth. is 

*  • 

nu: reused .  the  GJsJ  transmission  is  increased  (assuming  constant  damping), 


2 - - -  *.  *  . 

•  lolia  C.  I  ruxal.  Automatic  Feedback  Control  System  Synthesis  (McGraw- 

Ilill  Book  Company-  Inc.  .  New  York,  1955),  Section  9.8,  pp.  546-  553. 

The  idealized  t  ransporlat ion  lag  problem  has  becmsolved  by  Jean  A.  Dcvelets,- 
" The.  1  n!  1  :ie:i,  e  o!  Time  Delay  on  Sei^md-Order- Phase  Lock  Loop  Acquisition 
Range.  "  Report  No.  9  >  •'2.  6-9-  Space  Technology  Laboratories,  Inc.  ,  Los 
Angeles  (1  September  1962).  ° 
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with  a  resulting  increase  in  p  at  any  given  frequency.  The  net  result  is  a 
slight  shift  in  the  zeros  and  an  increase  in  the  magnitude  of  the  false  peaks. 
Hence,  the  wider  the  loop  bandwidth,  the  greater  the  stress  necessary  to 
ride  over  the  false  peaks.  This  leads  one  to  the  conclusion  that  perhaps  a 
more  optimum  G(s)  function  [  e.  g.  ,  another  pole  in  the  G(s)  function]  might 
be  employed  to  reduce  the  effect. 

* 

.o  III.  CONCLUSIONS 


«  A  solution  for  all  the  zeros  of  a  phase- lock  loop  htfs  been  presented^ 

The  solution  permits  the  prediction  of  the  location  of  these  zeros  if  knowledge 
?>f  the  open- loop  characteristics  is  obtainable. #  The  solutions  are  generally 

*  applicable  to  any  phase- lock  loop  of  the  type  sho\vn*in  Fig.  1.  • 

•  • 

* 

*  The  solutions  obtained  suggest  a  simple  design  criterion  to  avoid  the 

false- lock  problem.  It  is  necessary  merely  to  keep*the  ifaluc  of  o  less  than 

±tt/2.  within  the*  allowable  range  of  VCO  frequencies.  If  this  is  not  feasible, 

» 

it  is  necessary  to  compute  the  |3  and  a  functions  to  prop’erly  set  the  magnitude 
of  the  stress  necessary  to  override  the  false  peaks.  • 
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